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silica) by an alkaline solution. Nuclear magnetic resonance (NMR) spectroscopy and in situ time resolved small angle X-ray scattering (SAXS) reveal that ion-exchange induced selective etching arises from the gradient distribution of OHin the NH2-meso-silica nanospheres.
Moreover, the ion-exchange induced selective etching mechanism is verified through a successful synthesis of hollow mesoporous silica. After infiltration with phosphotungstic acid (PWA), PWA-NH2-HMS nanoparticles are dispersed in the polyethersulfonepolyvinylpyrrolidone (PES-PVP) matrix, forming a hybrid PWA-NH2-HMS/PES-PVP nanocomposite membrane. The resultant nanocomposite membrane with an optimum loading of 10 wt% of PWA-NH2-HMS showed an enhanced proton conductivity of 0.175 S cm -1 and peak power density of 420 mW cm -2 at 180 o C under anhydrous conditions. Excellent durability of the hybrid composite membrane fuel cell has been demonstrated at 200 o C. The results of this study demonstrated the potential of the facile synthetic strategy in the fabrication of NH2-HMS with controlled mesoporous structure for application in nanocomposite membranes as a technology platform for elevated temperature proton exchange membrane fuel cells.
Introduction
Hollow mesoporous silica (HMS) has attracted increasing attention due to its unique structure with mesoporous channels for accelerated mass transport and void space for mass storage and catalysis. [1] [2] [3] In recent years, there has been much effort devoted to the functionalization of HMS by organic groups because of their superior biocompatibility, high adsorption capability and enhanced proton conductivity. [4] [5] Amino-functionalized hollow mesoporous silica (NH2-HMS) is a promising material in applications for drug release, removal of heavy metal ions and fuel cells. [6] [7] [8] [9] [10] Yin et al. showed that by adding small amounts of NH2-HMS, the proton conductivity of Nafion membrane increased by over 11 times at 80 o C and low relative humidity. 8 In our previous work, the addition of NH2-HMS successfully improved the proton conductivity of an acid-base composite membrane by forming a hydrogen-bonding network between -NH2 and phosphoric acid. 11 However, fabrication of NH2-HMS is generally based on a post aminofunctionalization strategy. In this case, NH2-HMS is formed by sequential steps including the formation of hard or soft templates, coverage of mesoporous silica layer on templates, removal of templates and amino-functionalization. This strategy not only gives rise to complicated synthetic procedures, but also results in the non-uniform distribution of -NH2 groups. 12 In this regard, several new strategies have been developed to fabricate NH2-HMS nanoparticles. [13] [14] For example, NH2-HMS was synthesized by a sequential procedure involving a step-by-step post-grafting and spontaneous phase transformation. 15 Yu and coworkers employed an oil phase as a soft template to form the void and used a co-condensation protocol to form the amino-functionalized mesoporous silica. 16 Similarly, Yin et al. used the oil phase of amine silane as a soft template to form the NH2-HMS via a co-condensation process in solution in a single step. 17 However, those approaches either lead to disordered mesoporous channels in the shell, or require further surface modification to introduce reactive functional groups to the materials. 18 Moreover, the formation mechanism of NH2-HMS is seldom investigated and verified by in situ characterization techniques, although several theories have been introduced including surface protected etching, Ostwald ripening and cationic surfactant assisted selective etching. [18] [19] This is mostly due to the harsh synthetic conditions of hydrothermal treatments. 20 To date, it is still a challenge to develop a facile approach to fabricate NH2-HMS with controlled mesoporous structure.
Besides the complexity of synthetic methods, there are two major factors that hinder the application of NH2-HMS in fuel cells including its intrinsic non-conductivity characteristics and the poor durability of proton exchange membranes (PEMs) operated at elevated temperatures in fuel cell. 11 However, impregnation of phosphotungstic acid (PWA) in mesoporous silica has been proven to be an effective approach to increase the proton conductivity of the pure inorganic material. 21-23 Moreover, we have recently discovered that the addition of PWA impregnated mesoporous silica composite significantly increased the durability of polybenzimidazole membrane at 200 o C. 24 Accordingly, a combination of PWA and NH2-HMS in PEMs is an efficacious way to increase the proton conductivity and durability of composite membranes in fuel cells operated at high temperatures.
Herein, we report on a novel and facile strategy to fabricate NH2-HMS via an ion exchange induced selective method that forms controlled hollow cores with highly ordered mesoporous shells. The mechanism of formation of NH2-HMS was investigated by nuclear magnetic resonance (NMR) and in situ time-resolved synchrotron small angle X-ray scattering (SAXS).
PWA was impregnated in the mesopores of the NH2-HMS nanoparticles (i.e., PWA-NH2-HMS). When the as-synthesized PWA-NH2-HMS was incorporated into a PES-PVP polymer matrix, this novel hybrid PEM showed significantly enhanced proton conductivity and durability at 200 o C, demonstrating the potential for applications in fuel cells operating at elevated temperatures.
Experimental

Materials
Phosphotungstic acid (H3PW13O40•nH2O, PWA), tetroethyl orthosilicate (TEOS), (3aminopropyl)triethoxysilane (APTES), cetyltrimethylammonium bromide (CTAB), N-methyl-2-pyrrolidone (NMP) and sodium carbonate were purchased from Sigma-Aldrich and used without purification. Anhydrous ethanol (EtOH), aqueous HCl (32 wt%), phosphoric acid (85 wt% H3PO4) and ammonia (28 wt%, NH3H2O) were obtained from Rowe Scientific, Australia.
The PVP360 (Mw = 360 000 g mol -1 ) and PVP40 (PVP40, Mw = 40 000 g mol -1 ) materials were obtained from Sigma-Aldrich, while PES (Veradel ® A301) was obtained from Solvay, Belgium.
The Pt/C catalyst (50 wt%) was purchased from Alfa Aesar, USA.
Formation of NH2-HMS
As a typical recipe for the synthesis of NH2-meso-silica, a mixture of H2O: EtOH: NH3H2O: CTAB: APTES: TEOS with a molar ratio of 2756: 518: 3.9: 0.40: 0.11: 1.0 was prepared. CTAB was dissolved in a mixed solution of 250 mL Milli-Q water and 150 mL EtOH.
Subsequently, NH3H2O (28 wt%) was added to the solution, followed by the addition of TEOS and APTES. The mixed solution was stirred at room temperature for 6 h with the initially transparent solution turning into an opaque suspension. The white solid was collected from the suspension by centrifugation at 10000 rpm for 10 min, hereafter named as NH2-mesosilica/CTAB. After that, the white solid was dispersed into 50 mL of water after being washed twice with water and EtOH. Subsequently, the suspension was treated in a Na2CO3 solution at 60 o C under stirring for 2 h, followed by filtration. This process also selectively etched the meso-silica, forming hollow meso-silica (HMS). The collected solid, hereafter named as NH2-HMS/CTAB, was washed with water and EtOH and dried for 8 h at 50 o C. The CTAB surfactant was extracted by a solution with 100 mL of EtOH and 3.0 mL of HCl (32 wt%) at 80 o C for 3 h. After the CTAB extraction, NH2-meso-silica/CTAB and NH2-HMS/CTAB were marked as NH2-meso-silica and NH2-HMS, respectively.
Fabrication of PWA-NH2-HMS/PES-PVP membranes
PWA-NH2-HMS was fabricated by impregnating PWA into the mesopores of the NH2-HMS spheres via a vacuum impregnation method. 25 The loading of PWA in NH2-HMS was 40.0 wt%. Certain amounts of inorganic fillers were mixed into a PES-PVP solution in NMP.
The dispersion was poured to a petri dish at room temperature, followed by treatment at 100 o C for 24 h and then at 120 o C for another 24 h. Subsequently, the membranes were detached from the petri dish in Milli-Q water. The weight ratio of PWA-NH2-HMS in the PES-PVP membranes were 5.0, 10.0 and 15.0 wt%. A membrane with 10 wt% NH2-HMS without infiltration of PWA was prepared for comparison. The thickness of the dry composite membranes was in the range of 50 -80 μm. Finally, the membranes were imbibed with phosphoric acid in 85 wt% H3PO4 at room temperature for one week.
Characterization
Microstructural and elemental distribution characteristics of the inorganic powders were examined by a high-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) using FEI Titan G2 STEM at an acceleration voltage of 200 kV. All nuclear magnetic resonance spectra were measured at Bruker Avance III 200 MHz widebore NMR spectrometer equipped with a 4 mm MAS probe. 13 C CP-MAS NMR spectra were recorded at 10 kHz mas with a recycling delay of 2 s. Quantitative 29 Si MAS NMR spectra were measured using single pulse excitation sequence, with a small flip angle of 5 o and a recycling delay of 40 s, under 10 kHz MAS, and 4096 scans were accumulated in order to achieve a sufficient signal-to-noise ratio. Nitrogen adsorption isotherms, Brunauer-Emmett-Teller (BET) specific surface areas and the porosity of the samples were measured at -196 o C using a Micromeritics ASAP 2020 gas adsorption instrument. Before the adsorption measurements, the membranes were cut into small pieces and degassed at 100 o C for 9h. With the in situ time-resolved SAXS characterization, liquids were pumped into a capillary in the beamline via a syringe pump, and the temperatures of liquids were precisely controlled using a water bath. For the SAXS analysis of solid powders, they were attached to the surface of a flat plate sample holder with holes. The beam energy was 12 KeV, and the camera length was 500 mm with q range from 0.022 to 1.151 Å -1 . Scanning electron microscopy (SEM, Zeiss Neon 40 EsB) with an accelerating voltage of 5 kV was employed to study the cross-sectional morphology of the composite membranes. Stress-strain curves were recorded using a Testometric Micro 350 under ambient conditions and a crosshead speed of 10.00 mm min -1 .
The specimens were die-cut to a dog-bone shape with a gauge length and width of 28 and 2 mm, respectively.
A Pt/C electrode was used in both the anode and cathode. Two Pt/C catalyst electrodes based on Toray® TGP-H-060 carbon paper were hot pressed with a PES-PVP composite membrane at 180 o C and 10 MPa for 1 min to form a membrane-electrode-assembly (MEA).
The loading of Pt and PVP ionomer (PVP40) in both anode and cathode was 0.26 and 0.13 mg cm -2 , respectively. Subsequently, the MEA was mounted in a single-cell hardware (active area 4.0 cm -2 ) for the cell performance measurement using a Greenlight G20 fuel cell test station with a flow rate of 50 and 100 mL min -1 with dry H2 and O2, respectively. The in situ proton conductivity of PES-PVP composite membranes was measured under an anhydrous condition with an Ivium potentiostat using electrochemical impedance spectroscopy at frequencies ranging from 1 MHz to 10 Hz with an amplitude voltage of 10 mV in the temperature range of Figure 1A presents a TEM image of NH2-meso-silica with a solid core. These particles were formed using a ratio of 10 mol% APTES to TEOS, while the concentration of CTAB was 8 mmol L -1 . After etching in an aqueous Na2CO3 solution (0.3 mol L -1 ) for 2 h, the interior of NH2-meso-silica particles were removed, while the mesoporous shells were left intact (see Figs.
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1B and C). Lattice fringes were observed as parallel lines running across the surfaces of the walls and ordered mesoporous channels as observed at the edge of the spheres (see Fig. 1D ).
Moreover, the white dots in the FFT image of the inset of Figure 1D further demonstrate the orderly nature of the mesopores. A solid-state 13 C CP-MAS NMR spectrum (see Fig. 2A )
confirms the presence of carbon atom, while the 29 26 These results suggest that there has been condensation of APTES into the hybrid particles. It should be noted that the NH2-meso-silica particles were also obtained with a ratio of 20 mol% APTES to TEOS, while the mesoporous structures of these particles deteriorated after the etching treatment. Moreover, neither NH2-meso-silica nor NH2-HMS was obtained with 30 mol% APTES. These results demonstrate that the use of excess organosilane molecules disrupts the packing of surfactants, and consequently, induces an alteration in the geometry of surfactant micelles that affects the assembly between the silica and micelle complexes. 13, 27 Consequently, the APTES content was fixed at 10 mol% in all subsequent preparations.
Ion exchange induced selective etching by Na2CO3
The concentration of etchant, Na2CO3, was found to significantly influence the formation of NH2-HMS particles. After etching in 0.1 mol L -1 aqueous solution of Na2CO3, the centre of the NH2-meso-silica/CTAB spheres collapsed into silica colloids, while the outer portions of the spheres remained intact (see Fig. 3A ). At higher concentrations of the Na2CO3 etchant, the hollow mesoporous structure became more regular and clearly distinguishable (see Fig. 3B , C).
However, with a further increase in Na2CO3 concentration to 0.4 mol L -1 , the mesoporous shell started to break into silica fragments (see Fig. 3D ). According to Figure 3E , quantitative 29 Si MAS NMR analysis of the pristine NH2-meso-silica material showed that 14.1 % of the silicon atoms in the mesoporous hybrid spheres were at T sites, and 85.9 % of the silicon atoms were at Q sites (see Fig. 3F ), which is consistent with the material composition calculated using the molar ratios of the APTES and TEOS precursors. After the etching treatment, the amount of silicon atoms in the NH2-HMS decreased with an increase of the concentration of the etchant.
After etching in 0.4 mol L -1 Na2CO3 at 60 o C for 2 h, only 4.5 % of the silicon atoms remained at T sites. Moreover, the indicative factor representing the degree of condensation of silicate, Q4/(Q3+Q2), 28 decreased when switching from solution containing 0 to 0.3 mol L -1 Na2CO3 (see Table S1 ), demonstrating that dissolution of silicates at high degrees of silica condensation from high concentrations of etchant. In other words, not only the soft interior but also the hard outer portions of the spheres are dissolved by the etchant.
To investigate the formation process of NH2-HMS particles, an in situ time-resolved synchrotron SAXS study was undertaken to monitor the transformation of NH2-mesosilica/CTAB to NH2-HMS/CTAB, with the results presented in Figure 4 . A unique peak centered at q = 0.145 Å -1 (Fig. 4A ), corresponding to the (100) plane of the NH2-mesosilica/CTAB particles, remained essentially constant during the etching treatment (see Fig. 4B ) while the particles were treated at a low concentration of Na2CO3 solution (viz., 0.1 mol L -1 ). Moreover, the average particle size of the NH2-meso-silica/CTAB particles was identical to the pristine particles prior to the etching treatment (see Fig. 4C ). The results indicate that the mesoporous structure and the morphology of the particles are preserved throughout the etching process. However, the peak intensity of the (100) plane showed a V-shaped curve on extended etching, reaching a minimum after 20 min (see Fig. 4B ) that is consistent with a loose structure in the interior portion of the NH2-meso-silica/CTAB particles (see Fig. 3A ). The partial silicate dissolution decreases the distortion of the mesoporous channels, resulting in a decrease in the intensity of this peak. When the NH2-meso-silica/CTAB particles were etched in Na2CO3 at a high concentration of 0.3 mol L -1 , the peak intensity of the (100) plane decreased to a minimum after 15 min (see Fig. 4E ), faster than the rate observed for treated particles at a low concentration of Na2CO3. This indicates that a steeply facilitated solid-to-hollow transformation process occurs as a function of the concentration of the etching agent. Moreover, the q range for the (100) plane shifted from 0.142 Å -1 (t = 1 min) to 0.148 Å -1 (t = 40 min) (see Fig. 4E ), which is indicative of the reassembly of the formed NH2-HMS particles. Besides, the average particle size of NH2-meso-silica/CTAB particles was reduced by 13.3% after the etching treatment (see Fig. 4F ), which is also consistent with a reassembly of the particles.
In the literature, there are a number of approaches for the production of hollow structure silica materials including cationic surfactant assisted self-etching 29 , surface protected etching 30 , structural difference-based selective etching 31 , and Ostwald ripening. 32 This paper proposes a very different approach to previous synthetic strategies where NH2-HMS is transformed from NH2-meso-silica spheres using surfactants in the mesopores and selective etching in alkaline solutions. This kind of transformation of NH2-meso-silica/CTAB to NH2-HMS/CTAB is also very different from the Ostwald ripening process. 32 With the Ostwald ripening process, particles located in the inner portions of the SiO2 sphere are generally smaller and those in the outer portions of the sphere are larger in size. To achieve thermodynamic equilibrium, the inner silica particles will be dissolved and regrow/deposit on the outer silica particles. 33 Accordingly, the particle size increases after the transformation process, while with our synthetic procedure, the NH2-HMS particle size is essentially constant or decreases, as shown in Figures 4C and F. Secondly, due to insufficient templating support from the CTAB molecules, Ostwald ripening and SiO2 condensation take place readily under identical etching conditions for NH2-mesosilica/CTAB synthesized at low CTAB concentrations. However, in our case, when the concentration of CTAB is decreased to 4 mmol L -1 , the hollow structure of spheres disappears (see Fig. S1 ).
It is most likely that, when NH2-meso-silica/CTAB spheres are immersed in a Na2CO3 etchant, the OHions are rapidly exchanged with Brions in the CTAB molecules. More importantly, it would also appear that the concentration of OHdecreases from the core to the outer parts of the sphere because of the gradient of the CTAB concentrations in the interior parts (d/dr <0), as shown in Figure 5 . Consequently, a high concentration of OHwill only be obtained in the core of the NH2-meso-silica/CTAB aggregate when the particles are immersed in a low concentration of alkaline solution. By contrast, when the particles are immersed in a high concentration of alkaline solution, both the interior and exterior portions of the NH2-mesosilica particles would be exposed to and attacked by high concentrations of OH -.
Based on the aforementioned hypotheses, a possible formation mechanism for NH2-HMS is proposed, as illustrated in Figure 6 . After the addition of TEOS and APTES in the CTAB solution, the silica oligomers continuously assemble on the surface of the nucleus to form the NH2-meso-silica/CTAB spheres. When the NH2-meso-silica/CTAB spheres are immersed in a Na2CO3 solution, the ion exchange induced high concentration of OHions in the interior parts of the particles dissolve silicates to form the hollow structure. This explains why NH2-mesosilica/CTAB spheres were dimensionally stable during etching in the lower Na2CO3 concentration range. Although the outer portions of the sphere are stable, 20 the outer layers are dissolved by the OHions in the solution when the concentration of the etching agent reaches the threshold, resulting in decreased particle size. Nevertheless, the dissolved silicate colloids reassembled on the outer surface of the particle to maintain the initial sphere morphology. The proposed formation mechanism was verified by etching of NH2-meso-silica particles after the removal of CTAB (see Figs. 7A and 7B for TGA data on both pristine NH2-meso-silica and NH 2 -meso-silica/CTAB materials and TEM of pristine NH2-meso-silica, respectively). The mesoporous structure was substantially deteriorated and the surface of the sphere became roughened without the formation of hollow sphere structure (see Fig. 7C ) when the NH2-mesosilica particles without CTAB were etched in 0.2 mol L -1 Na2CO3 solution. This is very different to the hollow sphere structure of NH2-meso-silica/CTAB particles formed under identical conditions (see Fig. 7D ). Furthermore, by applying this synthetic strategy, hollow mesoporous silica were obtained from the transformation of mesoporous silica/CTAB spheres (see Fig. S3 ).
Microstructure and properties of PWA-NH2-HMS and composite membrane
After PWA impregnation, the hollow and mesoporous structure in the shell of PWA-NH2-HMS particles were clearly recognized in the bright field TEM mode, while a large amount of black dots of approximately 1 -2 nm in size were confined in the mesoporous outer structure of the spheres (see Fig. 8A ). The HAADF STEM image and EDS elemental mapping show the uniform distribution of tungsten (see Fig. 8C ) and silicon (see Fig. 8D ), indicating that the mesoporous channels of the NH2-HMS framework are filled with PWA, anchored to the mesoporous silica framework probably through hydrogen-bonding between the PWA and silica. 34 The reduced peak intensity in synchrotron SAXS data (see Fig. S3A ) and decrease in BET surface area and pore size (see Fig. S3B ) of the NH2-HMS matrix after PWA impregnation also confirm the presence of PWA within the NH2-HMS structure. The pore size of the NH2-HMS particles was 4.8 nm as calculated from Barrett-Joyner-Halenda adsorption method. After PWA impregnation, the pore size decreased to 4.3 nm (Fig. S3B ).
After the blending of PWA-NH2-HMS particles with PES-PVP in solution, homogeneous composite membranes were obtained with a PWA-NH2-HMS loading up to 15 wt%, as evidenced from the cross-sectional SEM images (Fig. 9) . The pristine and dry composite membrane has a thickness of 50 -80 μm. Thermogravimetric analysis was employed to confirm the composition of PWA-NH2-HMS after membrane casting and further demonstrates that the thermo-oxidative stability of the base material has been improved (see Fig. S4 ). The composite membranes were subsequently equilibrated in 85 wt% H3PO4 at room temperature.
The PA uptake was determined gravimetrically relative to the weight of the dry membrane, and was found to decrease gradually with increasing PWA-NH2-HMS loading (see Table 1 ), which is consistent with the concomitant influence of silica materials on the PA uptake of PA/PES-PVP composite membranes. 11 The PA uptake of the pristine PES-PVP composite membrane was 303 wt%, corresponding to about 4.9 PA per PVP repeat unit, as compared with 288 wt% for the composite with a PWA-NH2-HMS loading of 15 wt%. The elastic modulus was enhanced with increasing PWA-NH2-HMS loading (see Fig. 10 ), which is likely due to interactions between the filler material and the polymer matrix. For example, the elastic modulus of PA/PES-PVP membrane was 16 MPa as compared with 28 MPa for the membrane with a PWA-NH2-HMS loading of 15 wt%. However the strain of the composite membrane decreased with the increase of PWA-NH2-HMS loading (Fig. 10A) . The mechanical properties of the composite membrane are given in Table 1 . 1 H static NMR spectroscopy clearly shows that, after the addition of PWA, the PA/PES-PVP composite membrane showed a higher mobile proton content of 75.3 % than that of a pristine PA/PES-PVP membrane (67.9 %) (see Fig. 11A ). Moreover, the former membrane showed narrower 1 H NMR lines than the latter one, suggesting a higher proton mobility. Figure 11B shows that, in PWA-PES-PVP sample, the OH peak on the pyridine ring is narrower than the pristine PES-PVP, suggesting more mobile polymer chain in this sample. The NMR data are indicative of PWA increasing the proton conductivity of PA/PES-PVP, which is confirmed by the following electrochemical studies.
Proton conductivity and cell performance
Besides, the 1 H MAS NMR linewidth analysis presented in
The in-situ proton conductivity of the PES-PVP based composite membranes with various fillers at different loadings was measured at various temperatures without humidification of the feed gases (see Fig. 11C ). The pristine PA/PES-PVP membrane showed a proton conductivity of 7.8 × 10 -2 S cm -1 at 120 o C, which was increased to 1.14 × 10 -1 S cm -1 at 180 o C. Furthermore, the proton conductivity of the hybrid nanocomposite membrane increased with the addition of NH2-HMS or PWA-NH2-HMS. The best results were obtained on a hybrid membrane with 10 wt% PWA-NH2-HMS, showing the highest proton conductivity of 1.75 × 10 -1 S cm -1 at 180 o C without humidification, which is 35% higher than that of membrane with 10 wt% NH2-HMS fillers under similar conditions (1.29 × 10 -1 S cm -1 ). This is most likely due to a significant contribution from PWA in the NH2-HMS to the proton conductivity. 35 The single cell performance of the PA doped PES-PVP composite membrane was evaluated at different temperatures. The peak power density of the cell with the PA/PES-PVP membrane was 249.1 mW cm -2 at 180 o C (see Fig. 11D ). When PWA-NH2-HMS was added, the single cell performance increased due to improvements with the proton conductivity. The highest cell performance was obtained on the PES-PVP composite membrane with 10 wt% PWA-NH2- 36 This high temperature might also cause a loss in mechanical strength of the PA/PES-PVP membrane, degrading the cell performance. By adding PWA-NH2-HMS to the membrane, the durability of the cell is significantly improved, despite that the calculated glass transition temperature of PES-PVP with weight ratio of 3:7 of 190 o C, 37 which is lower than the fuel cell operational temperature. This apparent anomaly is probably due to the interactions between the O and N atoms in PVP with PA and PWA, respectively (see Fig. S5 ). [38] [39] [40] The slightly lower cell voltage with a composite membrane containing 15 wt% PWA-NH2-HMS in comparison with the one comprising 5 wt% PWA-NH2-HMS is probably due to the lower proton conductivity of the membrane. Nevertheless, the cell with a membrane containing 15wt% PWA-NH2-HMS showed significantly enhanced durability compared with cells fitted out with membranes of lower PWA-NH2-HMS content. The significantly enhanced durability of cells with PWA-NH2-HMS/PES-PVP nanocomposite membranes is most likely attributable to the increased thermal stability and mechanical strength of membranes comprising inorganic fillers and the likely formation of an in situ phosphosilicate proton conducting phase 24 in the composite membranes.
Conclusions
The NH2-HMS material has been successfully synthesized via a new and facile strategy of ion . Schematic depiction of the NH2-meso-silica/CTAB particle after the OHions exchange via CTAB molecules, where ρ and ρ0 is the density of OHions and CTAB in the mesopores, respectively, n is the number of mesopores in the sphere, d is the diameter of a mesopores, r is the radius started from the centre of the sphere, and R is the radius of the NH2meso-silica/CTAB. 
